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PREFACE 

The work' reported herein was conducted by the Arnold Engineering Development 
Center (AEDC), Air Force Systems Command (AFSC), at the request of the AEDC 
Directorate of Technology (DOT). The Air Force project manager was Capt. A. Obal (CF), 
AEDC/DOTR. The results of the research were obtained by Calspan Field Services, Inc., 
AEDC Division, operating contractor for Aerospace Flight Dynamics Testing at the AEDC, 
AFSC, Arnold Air Force Station, Tennessee, under Project Number P32C-B8. The 
manuscript was submitted for publication on September 15, 1981. 
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1.0 INTRODUCTION 

From 1976 to 1979 a research program was conducted to develop the Self-Optimizing 
Flexible Technology (SOFT) wing (Refs. 1 through 3). The SOFT wing concept is that of a 

wing that automatically adapts its shape (through conformal variations of camber, twist, 
and leading-edge sharpness) to minimize or maximize various prescribed merit functions 

(e.g., minimum drag or maximum lift), subject to various constraints (e.g., fixed lift, trim, 

structural limits, etc). A semispan model representative of the F-! 11 TACT aircraft was used 
and contained 12 independently controllable hydraulic actuators in the wing (to conformally 
vary wing camber and twist) and one hydraulic tail actuator (to vary tail incidence). During 

this research effort the capability to optimize the wing shape for a minimum drag while 
maintaining a specified lift and pitching moment was successfully demonstrated. However, 

the limited testing time available during the program did not permit demonstration of 

optimization of any additional aerodynamic parameters. 

The optimization algorithm used for the SOFT wing program was specifically developed 
for that program. Therefore, a follow-on study was conducted to revise the optimization 

algorithm to make it a more usable tool for general wind tunnel test application. The 

algorithm was streamlined by removing routines that were not used and generalized by 

changing the algorithm to accept information in the units of the control parameters (deg, 
psi, in., etc.) rather than in counts, as previously required. The new algorithm was verified in 

the 1-ft transonic Aerodynamic Wind Tunnel (IT) with a 3-degree-of-freedom model. 

Optimizations to minimize CD for a specified CL, to maximize CL for a specified CD, and to 
maximize L/D for a specified CD were accomplished. The results obtained during operation 
and evaluation of the modified optimization algorithm are presented herein. 

2.0 APPARATUS 

2.1 TUNNEL 1T 

Tunnel IT is a continuous-flow, nonreturn, transonic wind tunnel equipped with a two- 
dimensional, flexible nozzle and a plenum evacuation system. The test section Mach number 
can be varied from 0.2 to 1.5. The tunnel is operated at a stagnation pressure of about 2,850 
psfa with a _+ 5-percent variation depending on the tunnel resistance and the ambient 

conditions. Stagnation temperature can be varied from 80 to 120°F above ambient 
temperature when necessary to prevent moisture condensation in the test region. A 
schematic of the tunnel and its associated equipment is shown in Fig. 1. Additional details 

on the tunnel and its associated equipment are presented in Ref. 4. 
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2.2 TEST MODEL 

To verify the optimization algorithm, a 3-degree-of-freedom model was designed and 

fabricated. The semispan model has a full span deflectable leading edge (At), a partial span 
deflectable trailing edge (A2), and a deflectable horizontal tail (A3). The control surfaces 
were remotely controlled by small hydraulic actuators, shown in Figs. 2 and 3. The model 
was mounted from a nonmetric reflection plane. The reflection plane was pedestal-mounted 

from the tunnel sidewall, and the fairings for the pedestal were used to shield the hydraulic 
actuator systems, which were metric, to the model. The model support is shown in Fig. 4, 

and the model installation is shown in Fig. 5. 

2.3 INSTRUMENTATION 

2.3.1 Tunnel Instrumentation and Data Reduction Systems 

Tunnel IT is equipped with a permanently installed, automatic data recording system. A 
PDP I 1/20 computer normally provides for data acquisition, data monitoring, model pitch 
control, and online data reduction. Reduced data are displayed on a line printer, and a high- 
speed paper tape punch records and stores raw data for later offline analysis. The giressure 
data are measured with differential pressure transducers referenced to the tunnel plenum 
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pressure. Analog signals from the transducers are fed through a multiplexer, a switch gain 

amplifier, and an analog-to-digital (A/D) converter. The digital signal from the converter is 

processed by the PDP 11/20 computer. 

During the present study the PDP 11/20 was interfaced with the PWT DEC System 10. 

This permitted the data reduction, optimization, and general management of  the program to 
be performed by the DEC System 10, and the PDP 11/20 was used for data acquisition and 

model control. Four digital-to-analog converters (DAC) were installed on the PDP 11/20 for 

setting the model control surfaces. A terminal interfaced to the DEC System 10 was located 

in the Tunnel IT control room for controlling the test. The line connecting the PDP 11/20 to 

the DEC System 10 was a telephone line using a driver and a receiver on each end. The 
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maximum reliable transmission rate during the test was 1200 BAUD. However, because of  

the use of  character echo to ensure the correct reception of  the data, the actual rate of  

transmission was reduced to 600 BAUD. The slow transmission rate did affect the test 

program (see Section 3.1). A block diagram of  the computer and model control systenis is 

shown in Fig. 6. 

2.3.2 Model Instrumentation 

A five-component sidewall balance was used to measure the forces and moments on the 

model. The balance was calibrated as a standard balance. The calibration matrix was 

determined by applying the following maximum loads: 

FN = 80 lb, Fy = 40 lb, Me = 72 in.-lb, Mm = 680 in.-ib, and Mn = 359 in.-lb 

with the probable 2-a error for 

FN = 0.18; Fy = 0.34, Mt = 0.57, M m = 0.83, and Mn = 0.77 

The balance was mounted to the model pitch mechanism as shown in Fig. 4. 

The model control surface positions (A1, A2, and A3) were measured using linear 

potentiometers (see Figs. 2 and 3), and the angle-of-attack position was measured with a 

synchro/digital converter. 

2.4 HYDRAULIC AND CONTROL SYSTEMS 

2.4.1 Hydraulic System 

The hydraulic system was similar to the system used during the SOFT wing test of  Ref. 3. 

The system consisted of  three Moog ® servohydraulic valves mounted on a four-port 

blocking valve. A 300-psi, pneumatically charged hydraulic accumulator was used to 

activate the blocking valve, and a 300-psi hydraulic supply was used to drive the hydraulic 

actuators in the model. A block diagram of  the system is shown in Fig. 7. 

2.4.2 Control System 

Three servocontroi units were used for the test. The controllers were designed as self- 

contained, single-channel units that would provide easy calibration and monitoring of  the 

complete control loop. The controllers provided excitation and signal conditioning for the 

II 
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position feedback potentiometers as well as control to the Moog valves. The model limit 
protection was provided by an analog comparator in each controller that could detect travel 

limits and lock the model position with the blocking valves if the travel limits were exceeded. 
A complete description of the controllers is given in Ref. 3. The block diagram shown in Fig. 

6 shows how the controllers interface with the computer and hydraulic systems. 

3.0 PROCEDURE 

3.1 TEST PROGRAM 

The objectives of this study were twofold: (1) to check out the communication link 
i 

between the test unit computer (PDP 1 !/20) and the facility computer (DEC System 10) and 
(2) to check out the modified optimization algorithm and determine its capability to 

optimize other aerodynamic parameters such as CLmax and L/Dmax. 

The communication link proved to be very slow, which made it expedient to limit the 

amount of data transferred over the line to the minimum required to meet the second 
objective. Since the SOFT wing study had adequately demonstrated the trimming capability 

of the algorithm, it was decided to hold the tail angle at a fixed minus 4 deg and not use Cm 
as an equality constraint. The inequality constraints consisted of the positive and negative 

13 
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limits on the three model control surfaces and the model pitch angle (see Fig. 8). All 

optimization runs were made at a Math number of 0.8. Each optimization tried was 
permitted to run only long enough to demonstrate convergence. When all of  the constraints 

were satisfied and the program had gone through at least one minimization iteration, the 
optimization was usually terminated. No attempt was made to go through a complete 

optimization sequence to where the program will stop itself because of failure to improve the 
merit function. 

The closed-loop testing techniques resembled those used during the SOFT-wing test of 
Ref. 3. Three general modes of operation were used during the test: (1) traditional table- 

driven positioning of any model control surface or model angle of attack to preselected 

attitudes (called parametric runs), (2) trimming of model to specified values of model lift 

coefficient (CL) and model pitching moment (Cm) by adjusting model angle of attack and 

horizontal tail position, and (3) optimization of calculated aerodynamic parameters subject 
to constraints. 

Airflow 
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~ , ~ ] .  Actuat°rl / Actuatorl 
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Figure 8. Model control surface sign convention 
and program limits. 
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3.2 COMPUTER PROGRAMS 

3.2.1 Control Program 

A self-correcting control algorithm was developed in the PDP 11/20 to drive the model 

control surfaces to requested positions in accordance with position feedback volts from the 

servocontrollers. The requested positions were expressed in degrees. In the previous SOFF- 

wing test entries described in Refs. 1 through 3, the requested actuator settings were 

expressed in terms of  feedback counts which varied over a range of  0 to 1,000; thus, any 

hardware adjustment would require considerable adjustment of  instrumentation to ensure 

that 250 counts on all actuators represented the same model configuration. In the present 

test, a small hardware adjustment or actuator excursion was corrected by the curve fit o f  

actuator position in degrees as a function of  volts and the self-correcting control algorithm. 

Model angle o f  attack, horizontal tail, wing leading edge, and wing trailing edge were 

controlled by means of  the same adjust-and-check algorithm for all modes o f  operation. 

3.2.2 Data Reduction Program 

Online data reduction, display, and tabulation were performed by the software modules 

resident in the PDP 11/20. The PDP 11/20 program had two basic types of  operation: (i) as 

a stand-alone data acquisition, model control, data reduction, data presentation cycle that is 

mechanically initiated by depressing a data point start switch on the Tunnel IT operating 

console (this type of  operation was used for the parametric studies and trimming runs), and 

(2) as a slave in the master-slave relationship with the DEC System 10. The cycle of  model 

control, data acquisition, data transfer to the DEC System 10 was initiated by a request from 

the DEC System 10. The data reduction and data evaluation were then performed by the 

DEC System 10, which would next request either another model control, data acquisition 

sequence, or a data acquisition and data presentation sequence. This type of  operation was 
used for all optimization runs. 

The data reduction module employed in the DEC System 10 was the same as that in the 

PDP 11/20. Because the rate of  data transfer between the two computers was exceedingly 

slow, raw data rather than calculated data were passed from the PDP 11/20 to the DEC 

System l0 in order to minimize the number o f  variables transferred. It was necessary to have 

the data evaluation sequence for the optimization process done in the DEC System l0 rather 

than in the PDP 11/20 because of  memory limitations in the PDP 11/20. 

15 
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3.2.3 Optimization Program 

The mathematical basis for the optimization program is given in Refs. 5 and 6. The 

optimization program of these references uses the gradient projection method with a 
Davidson-Fietcher-Powell (DFP) variable metric scheme for self-scaling. In conjunction 

with this procedure, transformations of variables are used to enforce independent variable 
constraints, and restoration steps are required to restore equality constraints that have 
become unsatisfied because of nonlinearities. The optimization program operates in two 

distinct modes: "incremental" and "simultaneous." Only the incremental mode is used 

during the initial iteration (and restart), during which each active control actuator and angle 

of  attack is perturbed individually to generate gradient vectors of  the merit function and 
active constraints. The number of incremental mode points per iteration depends upon the 

number of active actuators and on the number of times the perturbations are repeated to 
improve accuracy (termed "cycling"). 

After the incremental mode, the vector directions for either restoring the constraints or 
minimizing the objective function during the next iteration, depending upon whether any 
constraints were violated at the nominal incremental mode point, are calculated by the 
gradient projection algorithm. The next iteration begins with the simultaneous mode, during 
which all active actuators and angle of attack are advanced together in the direction 

obtained from the previous iteration through a sequence of up to 11 test points. The 

sequence is aborted if any of the constraints is violated by more than the prescribed 

tolerance. Upon completion of the stepping, the computer selects the "best"  of the 
simultaneous mode points and then resets the model actuators and angle of attack to that 

configuration. The incremental mode is then repeated in preparation for the next iteration. 

The optimization code used to support the last SOFT wing entry (Ref. 3) was revised to 

produce a code that will be more useful for future test applications. Modifications were 
made to eliminate the use of the DFP variable metric method described in Refs. 5 and 6. To 
utilize the DFP scaling matrix, it is necessary to evaluate second derivatives from 
information gathered from two consecutive minimization runs. In a test environment, 

practically all minimization runs are followed by a restoration run; therefore, the technique 

had limited practical application and was time- and space-consuming in the code. 

Modifications were also made to accommodate engineering unit parameters, rather than 
span counts. Program sequencing and algorithms were as defined in Ref. 3. Optimizations 

to maximize a merit function (e.g., El.ma x and L/Dmax) are accomplished by minimizing the 
negative of the merit function (e.g., -EL and -L/D).  The definition of dependent functions, 
any of which could be selected as a merit function, is presented in Table 1. 

16 
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Table 1. List of Dependent Functions 

Function Assignment 

I ° C L 

2 C D 

3 C M 

4 -L/D 

5 -A I 

6 -A 2 

7 -A 3 

8 -ALPHA 

9 A I 

10 A 2 

11 A 3 

12 ALPHA 

13 -C L 

Definition 

Lift Coefficient 

Drag Coefficient 

Pitching-Moment Coefficient 

-Ratio of Lift to Drag 

-Leading-Edge Deflection 

-Trailing-Edge'Deflection 

-Horizontal Tail Deflection 

-Pitch Angle 

Leading-Edge Deflection 

Trailing-Edge Deflection 

Horizontal Tail Deflection 

Pitch Angle 

-Lift Coefficient 

3.3 MODEL CONTROL SURFACE CALIBRATIONS AND LIMITS 

The purpose of  the model control surface calibration was to determine the relationship 
between model control surface position angles and the actuator positions and to determine 
the actuator position limits. The control surface sign convention and angular position limits 
are given in Fig. 8 along with the model angle-of-attack limits. Since the model control 
surfaces were very small, it was not possible to use a precision inclinometer to measure the 
surface angles. Therefore, a precision dial indicator was set up to read the surface position at 
a known distance from the control surface hinge line, and the control surface angular 
positions were then calculated using the readings from the dial indicator. The feedback 
voltage at the controller for the given surface angles was recorded and used for setting the 
model surface positions during the test. The calibration curves for each of  the actuators are 

shown in Fig. 9. 

The repeatability of  the control surfaces and angle-of-attack data during the calibration, 
measured to readout, was found to be _0 .10  deg. However, the inability to consistently 
stop the angle-of-attack drive system made it necessary to set the control tolerances to _ 0.2 

deg. 
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4.0 RESULTS AND DISCUSSION 

4.1 MINIMIZATION OF CD 

The first optimization was to minimize CD with CL = 0.5. The tolerance on the variation 

of  CL from the target value was specified as _+ 0.01. This optimization was made to assure 

that the program revisions had not changed the effectiveness of  optimizing for minimum CD 
that had been demonstrated with the SOFT wing study. The summary of  this optimization is 

shown in Fig. 10. The fourth point was the best point, with all constraints satisfied. Each 

optimization was stopped as soon as sufficient iterations had been made to assure that the 

algorithm was performing as desired. No attempt was made to let the program run until a 

true optimization was obtained. The convergence toward the opt imum configuration and 

the lift /drag polar for the control settings from the best iteration are shown in Fig. ! 1. 
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4.2 MAXIMIZATION OF C L 

Tile second optimization was to maximize CL with CD = 0.25. The defining parameters 

for the computer program during this optimization are listed in Table 2. The objective 

function to be optimized is designated as -CL by the statement OBJ = 13 (13th dependent 

function in Table 1). Values of  the other parameters are given for each of  the 13 dependent 

functions. These include C (multiplier for activating equality constraints), CAN (specifies 

the type of  constraint, if any, to be imposed), T (gives target or limiting constraint values), 

DEV (specifies the deviation by which the constraint can be violated before aborting a 

simultaneous mode search), TOL (assigns the tolerances to which each constraint must be 

restored), and ZNL (gives noise values for determining the smallest step sizes). Experience 

has shown that making DEV > TOL leads to faster convergence when constraints are 

activated. The tolerance on variation of  CD from the target value was set at + 0.006. 

A summary of  this optimization is shown in Fig. 12. Four iterations were required to get 

'within the required tolerance. Then the next two iterations were maximization iterations 
along the target value. This was somewhat surprising since the model pitch system would not 

set consistently with a tolerance of  less than + 0.2 deg and since all control parameters were 

set with the same constants box input; thus the model control surfaces had the same 

tolerance. The significance of  the effect of  the large tolerances is shown in Figs. 13 and 14. 

Figure 13 shows a restoration iteration (iteration 2). The solid symb.ols show the angles 

requested from the optimization program, and the open symbols show the angles that were 

set on the model. It can be seen that when the difference between one request and the next 

was within tolerance, the control computer would not change the control setting. This, of  

course, decreased the effectiveness of  the optimization algorithm to fine tune the merit 

function. Another problem was the fact that the total drag was quite low with respect to the 

balance capacity; therefore, the drag coefficient was somewhat erratic. A maximization 

iteration (iteration 6), Fig. 14, shows that the same problem exists for this type iteration. 

However, in spite of  the loose tolerances and somewhat erratic drag measurements, the 

optimization algorithm performed well and demonstrated the capability to maximize CL. 

The convergence of  the optimization and the lift /drag polar for the control settings from the 

best iteration are shown in Fig. 15. 

4.3 MAXIMIZATION OF L/D 

The final optimization was to maximize L /D with Co = 0.22. The tolerance on the 

variation of  Co from the target value was again set at _+0.006. The summary of  the 

iterations is shown in Fig. 16. This optimization had trouble getting within tolerance. 
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Table 2, Summary of Optimization-Defining Parameters for Maximizing C L with CD 
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However, it did get within tolerance on the sixth iteration. The optimization was stopped at 

this point because o f  a need to complete the test, and the optimization algorithm was 

showing convergence as expected. The convergence and the lift/drag polar for the control 

settings from the best iteration are shown in Fig. 17. 
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Figure 12. Optimization summary, maximizing 
CL for Co = 0.25, Moo = 0.8. 
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23 



AEDC-TR-81-23 

Simultaneous 
Mode _, :  ~. Incremental 

I I 
. . 5  I- e - - l m l  - Best Point 

/ I I ~ No. 6 
- 11"°1- , ; i" 

<= z°'5 I l l i~ !  Solid Symbols - Requested Angle 

~ , 10.0 Open Symbols - Angle Set 

9"51- I ' I 
i I , Simultaneous 

~> l I I ~ I ncremental 
9. 5 L i I I O. 35 l~; :L6r~" I i Mode 

9 0 1 -  ' ' l 0.30~- r '- '  i I -OEV 
"I ~ @ ~  a& ~ , i t~ I 

~- / I I / CD I ° - - ° , ' - ° - I ° ° ° - - ~  - L 
8.0 I- [ I / 0.20 I- I I -Target 

4.5  [-- I I , 0 .75 - t ! 

I ~  I goQ L ooOO°~ I 

3.0 1 I i" " i 0.60 
0 10 20 0 10 20 

Point Number Point Number 

Figure 14. Maximization of C L during iteration 6. 

24 



AEDC-TR-81-23 

C L 

0.8 

0.6 

0.4 

0.2- 

0 O. 10 

3 ~  I 6 

Final Confi9: A 1 = 3.57 deg, A 2 -- 8.80deg 
Tail Fixed at -4. 0 deg 

Moo " 0.8 

I I I I I 
0.15 0.20 0.25 0.30 0.35 

CD 

Figure 15. Convergence toward maximum CL for Co = 0.25 
and lift/drag polar for resultant configuration. 

3.2 

LID 

2.8 

2.4 

% 

C D 

0.24 

0.22 

0.20 

Tolerance 

Targ_ ¢ 

I I I J 
0 2 4 6 8 

Iteration Number 

Figure 16. Optimization summary, maximizing L/D 
for CD = 0.22, Moo -- 0.8. 

25 



AEDC-TR-81-23 

4.0 

3.0 

L/D 

2.0 

L0 

~ 2 

Finat C0nfig: A 1 -- 4.00 deg, A2 = 8.45 d~  

0 I I I 
0.10 0.25 0.30 0.35 

CD 

Tail Fixed at -4 deg 

Moo = 0.8 

I I 
O. 15 0.20 

Figure 17. Convergence toward maximum L /D  
for C D = 0.22 and lift/drag polar 
for resultant configuration. 

5.0 CONCLUI)ING REMARKS 

A wind tunnel test to verify a revised algorithm for optimization of aerodynamic 
parameters has been successfully completed in AEDC Tunnel IT. The verification was made 

using a 3-degree-of-freedom model with a deflectable wing leading edge, wing trailing edge, 

and horizontal tail. All the verification runs were made at a Mach number of 0.8. 

All major objectives of the program were accomplished in that: 

1. The PWT facility computer (DEC System 10) and the Tunnel 1T computer 
(PDP ! 1/20) were interfaced to allow the DEC System 10 to be used for the 
optimization algorithm and overall program control. The PDP 11/20 was used 

for model and tunnel control as per instructions from the DEC System 10. 

2. The algorithm was demonstrated to give convergent optimizations for all three 

of  the problems attempted. These included (l) minimization of Co for a 
specified CL, (2) maximization of CL for a specified Co, and (3) maximization of 
L/D for a specified CD. 
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The algorithm is now available for use at AEDC for any model test in which a parameter 
needs to be optimized subject to specified constraints. For such tests the model changes that 
affect the merit function and constraints must be remotely controlled, and these changes 
must be remotely measured, it should be noted that the computer communication problems 
associated with this test do not exist with the larger wind tunnels at AEDC where the actual 
system testing is p.erformed. For these tunnels the communication links between tunnel 
computers and the facility DEC System 10 are parallel interfaces, and the slowest transmits 
at 320,000 BAUD as compared to the effective 600 BAUD available during this study. 
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A/D 

AMAX 

AN 

BAUD 

C 

CAN 

CD 

CL 

Cm 

DAC 

DEV 

FN 

Fy 

L/D 

LED 

Mp 

Mm 

Mn 

M~ 

NC 

NOMENCLATURE 

Analog-to-digital converter 

Maximum allowable angle of attack (a) 

Actuator (N = 1, 2, or 3) 

Data transmission rate (the number of times the state of a line changes 
per second) 

Multiplier for activating equality constants (1 active, 0 inactive) 

Candidate flag for specifying type of constraint (-1 
+ ! equality) 

Drag coefficient 

Lift coefficient 

Pitching-moment coefficient 

Digital-to-analog converter 

Maximum deviation allowable during simultaneous mode 

Normal force 

Side force 

Lift-to-drag ratio 

Leading-edge deflection 

Rolling moment, in.-lb 

Pitching moment, in.-lb 

Yawing moment, in.-lb 

Free-stream Mach number 

Normally closed 

inequality, 0 none, 

28 



NO 

OBJ 

T 

TED 

TOL 

ZNL 

Normally open 

Objective function index 

Target value and target vector of constraints 

Trailing-edge deflection 

Tolerance for satisfying constraints during restoration 

Noise level used to determine step size during simultaneous mode 
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